The knowledge of the net charge of conducting spheres has gained much interest in the context of high power laser interaction with clusters, dust, impurities, aerosols, and small liquid droplets. Contrary to a general supposition based on linearized plasma quasineutrality it is shown that in electronic thermal equilibrium spheres of one Debye length radius lose almost all free electrons, hence are highly charged. Quasineutrality is approximately reached for pellet sizes R exceeding 30 times the Debye length. In order to gain an estimate of the net charge of nonspherical particles the equilibrium charge is determined in slab geometry for the same parameters.
I. INTRODUCTION
When a conducting sphere of charge qϭNe is embedded in a background plasma electrons are attracted or repelled and, on a longer time scale, the background ions in its neighborhood are rearranged until a new equilibrium charge q c is reached. If the microsphere is originally uncharged it loses electrons until the electric and thermal forces balance each other and a net positive charge q c of the core results. The knowledge of q c is relevant when properties of dusty plasmas, 1 aerosols, 2 extended cluster media, 3 or jets of liquid droplets have to be considered, as for instance plasma oscillations ͑charge/mass ratio͒ or optical properties ͑refractive index͒. Extended cluster media heated by ultrashort intense lasers may be viewed as a particularly significant and rich representative of dusty plasmas. The knowledge of q c is of particular interest in the case of inverse bremsstrahlung of a laser beam. This kind of absorption depends quadratically on the charge of the heavy carriers and therefore, depending on their concentration, very strong variations of collisional absorption are to be expected. The coupling with impurities starts prevailing when the density n of the impurities exceeds (Z i e/q c ) 2 n i , where Z i is the ion charge and n i is the ion density.
From homogeneous plasmas one knows that imprinted quasistatic structures ͑e.g., low frequency waves͒ are quasineutral as soon as their dimensions ͑wavelength͒ extend over more than a Debye length. Therefore one might instinctively be tempted to conclude that droplets of radius R exceeding the Debye length would no longer be highly charged as soon as they get in contact with a plasma environment. However, caution is indicated because the quasineutrality criterion is deduced for weak density variations, i.e., it is a linearized concept, whereas generally the densities of dust, droplets, and clusters differ by orders of magnitude from the ionized background gas or embedding plasma. By determining the true net charge q c of spherical conducting droplets, it will be shown in this paper that strong deviations from the commonly used quasineutrality criterion arise.
II. CALCULATION OF THE NET CHARGE
The model used for determining the net charge q c is the following. A sphere of radius R and density n i0 of ionized immobile cold ions and hot electrons of initial density n e ϭZ i n i0 is immersed in a neutral background plasma of constant electron and ion densities, n e ϭ␣Z i n i0 and n i ϭ␣n i0 , 0Ͻ␣Ͻ1. After charge equilibrium is reached the electron temperature has assumed the value T e ϭconst in space. Under these conditions the electrostatic field E(r) of strength Cϭconst. In the following Z i ϭ1 is set because it has no influence on the net charge q c and does not imply any loss of generality. It is also true as long as the ion fluid consists of a homogeneous mixture of different species of ions. The electric feld E(r) is determined by the electron distribution from the Maxwell equation
The ion density is given by the step function
Elimination of E(r) in Eq. ͑3͒ with the help of Eq. ͑1͒ yields
where ␤(r)ϭn i (r)/n i0 , normalized ion background density.
By means of the Debye length
, normalized radial coordinate xϭr/ D , and n(r)ϭn e (r)/n i0 Eq. ͑5͒ transforms into the dimensionless version
The problem is self-similar, with the similarity parameter R/ D . Obviously the following boundary condition
holds. Further, the condition of neutrality
There is no analytical solution available, neither exact nor approximate. Solving the nonlinear equation ͑6͒ numerically is a delicate problem. We decided for a shooting procedure. 4, 5 For such an approach the asymptotic behavior of n(x) at infinity is needed. For large x, due to boundary condition ͑7͒ nϪ␣Ӷ1 is satisfied; hence Eq. ͑6͒ can be linearized to yield, with ln nϭln ␣ϩn/␣Ϫ1,
Its solution is
where K should be determined by substituting numerically obtained value of n(x) on the left-hand side for sufficiently large x at which obviously ͉ (d 2 /dx 2 ) ͓(nϪ␣)x͔Ϫ␣͓(n Ϫ␣)x͔͉Ӷ1 holds. The knowledge of n(x) for large x enables one to start the numerical integration of Eq. ͑6͒ near xϭ0 and to break it off at a convenient value xϭx 0 such that the linearized solution ͑10͒ becomes sufficiently accurate for xуx 0 ; i.e.,
The values of x 0 cannot be chosen arbitarily large because, apart from the time necessary for computation, it is essential that the small difference n(x)Ϫ␣ in Eq. ͑9͒ never becomes negative due to round off errors. Otherwise the solution may turn into an explosive instabilty. Near xϭ0 Eq. ͑6͒ can be linearized again and the approximate solution has the form n(x)ϭn 0 ͓1Ϫ(1Ϫn 0 )x 2 /6͔ with 0Ͻn 0 ϭn(xϭ0) Ͻ1 as a parameter. A solution of Eq. ͑6͒ for larger x is found by continuing this solution numerically. The solution which also satisfies Eq. ͑8͒ is then obtained by iteration. An alternative method would be a relaxation technique. 4, 5 Figures 1 and 2 show the electron distribution for different cluster radii and ␣ϭ10 Ϫ6 and 0.1. In order to estimate the shielding outside the cluster the electron density profiles have been fitted by analytic expressions of the form
where a und are fitting parameters. The results are also shown in Fig. 1 und 2 . It should be noted here that the fitting functions are not very sensitive to simultaneous variation of the fitting parameters, and therefore the fitted functions should be regarded only as qualitative guides. It can be concluded that spheres with radii smaller than the Debye length are nearly fully ionized when embedded in a background plasma of 10% cluster density. Clusters immersed in a background plasma having density extending from zero to (10 Ϫ6 )n i0 are able to keep more than 1/10 of the electrons if their diameter exceeds six Debye lengths ͑see Fig. 3͒ .
The net charge q c of the cluster is determined from FIG. 1. Equilibrium distribution of electrons of a conducting sphere embedded in a plasma of relative density ␣ϭ10 Ϫ6 (␣ϭn i /n i0 ). The spheres with radius smaller than a Debye length are completely ionized. Because in this case n i /n i0 Ϸ0, the corresponding graph coincides with the abscissa.
The following relation also holds:
Here qϵ (4/3) R 3 n i0 e is the total charge of the cluster core. Figure 3 shows the relative net charge q c /q as a function of R/ D for ␣ϭ10 Ϫ6 , 0.1, 0.2, 0.4, 0.6, and 0.9. At a plasma density as high as 90% such clusters maintain a residual charge of q c /qр0.10. Conversely, droplets as large as R ϭ10 D carry an equilibrium charge of q c ϭ0.4q when embedded in a plasma of density n e ϭ10 Ϫ6 n i0 . To learn what the effect of geometry is on q c the model is applied to a one-dimensional ͑1D͒ slab geometry with the same parameters, with the same value of similarity parameter which now is d/ D , a half slab thickness. An equation analogous to Eq. ͑6͒ is obtained and is solved using the same shooting procedure. In Fig. 4 the equilibrium distribution is shown for a half slab thickness dϭ10 D in vacuum (␣ ϭ0.001). It is interesting to compare the net charges q c for the two geometries. For this purpose in Fig. 5 q c /q is reported as a function of d/ D for the same parameters as in Fig. 3 for the spherical case. In the planar case q, q c are charges per unit area. It follows that when ␣ϭ10
Ϫ6 and R ϭdϭ10 D the net charge reduces from 40% to 9% when passing from spherical to plane geometry. Figures 3 and 5 mark the limits within which the q c /q values of nonspherical ''impurities'' lie. The influence of this shape on q c is considerable; e.g., in a low density background plasma spheres of Rϭ3 D are nearly fully charged (q c /qϭ1.0) whereas in slabs with dϭ3 D charge neutralization is higher than 80%(q c /qϭ0.19). The plane case, Fig. 4 , was also alternatively calculated by the 1D particle in cell ͑PIC͒ code LPICϩϩ ͑Ref. 6͒ ͑L stands for the initial of the author, and Cϩϩ refers to the language in which the code is written͒. Apart from the characteristic numerical noise of PIC which has been substantially eliminated by numerical filtering, the agreement is excellent. The equilibrium fluid model may be used as a convenient test case for a 1D and a 3D PIC code.
III. DISCUSSION AND CONCLUSION
The assumptions on which the adopted model is based are ͑1͒ fixed ions and ͑2͒ constant electron temperature in space, T e (r)ϭT e . Assumption ͑1͒ implies that the relaxation time for the electron equilibrium distribution e is short compared to the disassembly time i of the ion sphere. Assumption ͑2͒ is justified if the heat flow is sufficiently high.
The time e is given by e ϭr/s e , s e ϭ͑T e /m e ͒ 1/2 , ͑15͒
with s e being the ͑isothermal͒ electron sound speed. The extension r of the electron cloud is nearly identical with R for R/ D у3. For R/ D Ͻ3 it exceeds the sphere radius more and more the smaller R becomes. However, this situation is not crucial because q c is close to q anyway. The ion confinement time i is determined by the ion acoustic speed and the radius R:
where m i is the ion mass. 
where k B is the Boltzmann constant. In ͑cgsK͒ units it becomes
For n i0 ϭ10 23 cm Ϫ3 , Rϭ10 nm follows T e ϭ300(2 -5) eV. In the case of clusters heated by intense ultrashort laser pulses 3 such a temperature limit is easily exceeded, even by an order of magnitude. At very low electron temperatures an adiabatic law for T e , i.e., T e ϭT e0 (n e /n e0 ) 2/3 might be more appropriate. However, qualitatively, the results of Sec. II will still hold.
So far the net charge q c of a simple sphere was calculated. As long as n(x) at half the average ''impurity'' distance ͗x͘/2 has fallen off to considerably lower values than ␤(͗x͘/2) a superposition principle holds, i.e., q c is not affected. In the opposite case q c is reduced. However, by interpolation between adjacent ␤ parameters an approximate value of q c reduction is easily determined.
Finally, an additional remark refers to the existence of solutions of Eq. ͑6͒. As electrons escape from the conducting sphere into the embedding neutral plasma a potential ⌽(x) builds up which is negative for all values of x, if at xϭ0 it is set equal to zero. It is easy to see that as x→ϱ ⌽(x) approaches a finite constant value. If there is no surrounding plasma, i.e., ␣ϭ0, no equilibrium is reached since Eq. ͑2͒ requires n͑ϱ ͒ϭCe e⌽(ϱ)/T e ) Ͼ0. ͑20͒
This is in contradiction to the condition ͑7͒ for vacuum (␣ϭ0). However, an equilibrium solution exists for any finite ␣Ͼ0 regardless how small ␣ is. The situation is analogous to the fact that on a planet no isothermal atmosphere can survive, 8 or the necessity of existence of solar wind from the corona of any sunlike star, or no perfect plasma confinement exists in a ponderomotive trap of finite potential.
In conclusion it has been shown that conducting ''dust'' particles ͑impurities, clusters, aerosols, droplets͒ are highly charged in thermal equilibrium unless their size exceeds the thermal Debye length by at least an order of magnitude, or the embedding plasma density approaches n i0 , i.e., ␣ϭ1. As seen from Figs. 3 and 5 for ␣ϭ0.9 one is close to the standard quasineutrality situation.
